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Abstract 
To explore the influences of subgrade form and ground stiffness on subgrade dynamic responses under 
train loading, and thus to optimize the design of railway subgrade, this paper presents field tests of cyclic 
loading for railway subgrade with different ground stiffness of fill sections and different forms of fill 
and cut sections. The considered comparisons of dynamic responses included the distribution of dynamic 
stress in railway subgrade, and the elastic deformation, dynamic stiffness, and cumulative plastic 
deformation on subgrade surface. Gathered data showed that when fill sections were relatively high 
(more than 6.0m in this study), the ground stiffness showed insignificant influence on the dynamic 
responses of railway subgrade. For the comparisons of fill and cut sections, the dynamic stiffness on 
subgrade surface for a cut section was approximately a half of the one for a fill section, but the 
cumulative plastic deformation was essentially the same for the fill and cut sections. These results 
provide references for the optimization design of railway subgrade. 
 
Keywords: Railway subgrade, Fill Section, Cut Section, Dynamic responses, Field tests of repeated 
loading 
1 Introduction 
Safe and comfortable operations of high-speed railway significantly raise the demands of railway 
subgrade with long-term stability under cyclic train loading (Liu and Xiao, 2010). To achieve this, 
countries independently constructing high-speed railway, such as Japan, France, Germany, and China, 
have spent a long time in the research of railway subgrade. However, significant differences in the design 
of subgrade and in the use of filling material exist among countries (Burrow et al., 2007; German 
Railway Standard Ril 836, 2008; National Railway Administration of PRC, 2014; UIC, 1994; WJRC, 
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2002). So it is necessary to have a thorough knowledge of the mechanical behavior of railway subgrade 
under long-term cyclic train loading, and thus to make the optimization design.  
In this paper, in order to investigate the influences of subgrade form and ground stiffness on subgrade 
dynamic responses under train loading, a fill section and a cut section conforming to Chinese design 
code of 200km/h railway subgrade (Ministry of Railways of PRC, 2005) were built on the same 
construction site; besides, another fill section with similar design parameters but a weaker ground 
stiffness, which did not meet the design specifications, was also built. Then, in-situ large number cyclic 
loading test on subgrade surface was conducted to simulate long-term effect of train loading, and 
consequently, subgrade dynamic responses, such as dynamic stress, elastic deformation, dynamic 
stiffness, and accumulative plastic deformation were measured and analyzed. The study should be 
valuable for deepening the understanding of subgrade dynamic behavior under train loading, as well as 
for the decision of subgrade design parameters in the future. 
2 Design of Field Testing 
2.1 Subgrade Parameters 
Since the influences of subgrade form and ground stiffness on subgrade dynamic responses under 
train loading were expected to investigate, two fill sections with different ground stiffness (one standard 
design section and one non-standard design section) and a standard designed cut section were built to 
conduct cyclic loading testing, as shown in Table 1. The standard design subgrade conformed to Chinese 
design codes of Interim design provisions for newly-built railway line at speed of 200 km/h (Ministry 
of Railways of PRC, 2005).  
 
Sections 
The surface 
layer of 
subgrade 
bed 
The bottom 
layer of 
subgrade 
bed 
Fill below 
the 
subgrade 
bed 
Ground  
Height 
of Fill 
Section 
(m) 
Notes 
A 
0.6m well-
graded 
gravel, 
k30≥190 
MPa/m 
1.9m lime-
stabilized 
soil, 
k30≥110 
MPa/m 
lime-
stabilized 
soil, 
k30≥90 
MPa/m 
Subsoil, 
k30≥85 
MPa/m 
6.86 Standard designed fill 
B 
Subsoil, 
k30<85 
MPa/m 
6.16 
Non-standard designed 
fill with weak ground 
stiffness 
C / 
Subsoil, 
k30≥85 
MPa/m 
 
/ Standard designed cut 
Table 1: Design of Subgrade Structures 
Specific 
gravity 
Water 
content 
(%) 
Density 
(g/cm3) 
Void 
ratio 
Liquid 
limit 
(%) 
Plastic 
index 
(%) 
Percents of particle (%) 
0.075- 
0.25mm 
0.005- 
0.075mm 
<0.005 
mm 
2.75 25.6 2.01 0.712 40.6 23.7 4.2 59.5 36.3 
Table 2: Basic physical and mechanical properties of natural subsoil 
The cross-sectional shapes of the fill section and the cut section are shown in Figure 1. For each 
subgrade, the width was 12.3m, and the slope rate was 1:1.5. 
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a) Fill Section 
   
b) Cut section 
Figure 1: Subgrade cross sections and sensors layout 
The geological condition of natural subsoil in construction site was high-liquid limit clay, with 
bearing capacity exceeding 120kPa, which conformed to the requirement for the subsoil of railway 
subgrade (Ministry of Railways of PRC, 2005). Before filling subgrade, the natural ground should be 
leveled and then compacted by rolling, in order to reach the requirement of ground stiffness value (i.e. 
greater than or equal to 85MPa/m). The basic physical and mechanical properties of natural subsoil are 
shown in Table 2.  
As the natural subsoil was a poor subgrade filling (Ministry of Railways of PRC, 2005), lime was 
adopted to improve it. The ratio of lime to natural soil was a key parameter when filling subgrade, which 
was determined by extensive laboratory and field soil testing. In this case study, high-liquid limit clay 
with 6 percent (in weight) and 5 percent lime were respectively used to fill the bottom layer of subgrade 
bed and the fill below subgrade bed, and the relative compactions (RC) were 95% and 90%, respectively, 
for the two layers. The properties of improved soil are shown in Table 3.  
 
Liquid 
limit 
(%) 
Plastic 
index 
(%) 
Percents of particle (%) Unconfined compressive strength (kPa) 
0.075- 
0.25mm 
0.005- 
0.075mm 
<0.005 
mm 
Soaking Non-soaking 
RC=90 
(%) 
RC=95 
(%) 
RC=90 
(%) 
RC=95 
(%) 
With 
5% lime 
36.9 12.5 7.1 72.1 20.8 368 609 845 1112 
With 
6% lime 
38.4 7.7 11.2 75.3 13.5 488 768 1065 1557 
Table 3: Properties of lime improved soil 
Section 
The surface layer 
of subgrade bed 
The bottom layer of 
subgrade bed 
Fill below the 
subgrade bed 
Ground  
A 230 MPa/m 191 MPa/m 190 MPa/m 162 MPa/m 
B 230 MPa/m 191 MPa/m 179 MPa/m 21 MPa/m 
Table 4: Measured plate loading testing results (K30) of constructed fill sections 
During the construction of the fill sections, plate loading tests K30 were conducted to measure the 
foundation coefficients of compacted fill materials. These results satisfied the design requirement 
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(Ministry of Railways of PRC, 2005), and are listed in Table 4.  
2.2 Loading Apparatus and Measurement System 
Cyclic loading tests were carried out after subgrade settlement caused by self-weight finished.  The 
dynamic stress pulse on subgrade surface induced by moving train can be simulated by haversine pulse, 
and two adjacent axles under the same bogie generate approximately a single stress pulse (Liu and Xiao, 
2010). According to the railway grade in this case study, the possible maximum dynamic stress on 
subgrade surface would be exerted by a locomotive with the maximum axle load of 22t running at 
200km/h. The stress amplitude was calculated as approximately 92kPa using the formula σ=2.6P (1+αv) 
(Liu and Xiao, 2010), where P was the static axle load, α was a velocity factor which was 0.003, and v 
was train speed. Additionally, loading frequency of the stress pulse ranged from 3 to 22Hz determined 
by the distance of two bogies, vehicle length and train speed (Liu and Xiao, 2010). 
 
              
Figure 2: In-situ excitation system on subgrade surface     Figure 3: The NI-DAQ data acquisition system 
As shown in Figure 2, the in-situ excitation system was a vibrator seated on a concrete foundation 
on subgrade surface. The concrete foundation, which was 11.5t in weight and acted as a counter weight 
in tests, was 2.6m in length, 1.2m in width, and 1.5m in height. The vibrator generated cyclic loading 
by rotating a centrifugal mass block. Self-weight of the vibrator was 4t, and the excitation forces could 
be set from 0 to 300kN with a maximum frequency of 30Hz. In the tests, the frequency of cyclic loading 
was selected as 10 to 13Hz. 
   
   
   (a) Pressure Cell               (b) Type 891-2 vibrometer 
Figure 4: Sensors used in the experiment 
All dynamic data were collected via the NI-DAQ system developed by National Instruments, as 
shown in Figure 3. The dynamic stress was measured by double-oil-cylinders strain-gauge type 
transducer pressure cells, as shown in Figure 4(a). Elastic dynamic displacement and acceleration were 
measured by Type 891-2 vibrometer shown in Figure 4(b), which were developed by Institute of 
Engineering Mechanics, China Earthquake Administration, whose accuracies were 2×10-8m in 
deformation and 1×10-5m/s2 in acceleration. Cumulative deformation was measured using a Type S1 
level gauge and markers on the subgrade, whose accuracy was 0.01mm. 
Inﬂuences of Subgrade Form and Ground Stiﬀness on Dynamic Responses of Railway ... Xiao et al.
1188
The sensors layout in subgrade is depicted in Figure 1. The dynamic elastic deformation sensors 
were directly set on the top of concrete foundation as the concrete foundation always kept close contact 
with subgrade surface during tests. The data of subgrade dynamic stress, dynamic elastic deformation 
and accumulative plastic deformation were collected every 100,000 times of load cycles.  
3 Results and Analysis 
3.1 Attenuation of Dynamic Stress in Subgrade 
Figure 5 shows the dynamic stress waveform at different depth of subgrade for section A under cyclic 
loading. Figure 6 shows the attenuation coefficient of dynamic stress (i.e. the ratio of the dynamic stress 
at a certain depth of subgrade to the dynamic stress on subgrade surface) in subgrade measured during 
testing, as well as the fitted curve of the attenuation coefficient of dynamic stress based on previously 
field testing data derived from several operated railway lines (Liu and Xiao, 2010). 
It can be seen that the peak dynamic stress on subgrade surface during testing was approximately 
equal to the set value of 92kPa. The subgrade bed significantly attenuated the dynamic stress applied on 
subgrade surface, especially within the depth of 1.5 m. To the bottom of subgrade bed, the dynamic 
stress was only about 20% of the one on subgrade surface. The experiment results obtained in the paper 
agreed well with previous measured results from operated railway lines, as shown in Figure 6. 
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Figure 5: Dynamic stress waveform at different      Figure 6: The attenuation of dynamic stress 
depth of subgrade (Section A)                         in subgrade 
Additionally, the influence of the ground stiffness on the attenuation of dynamic stress in fill section 
was insignificant. Only at the depth in fill section close to the ground, the smaller the ground stiffness, 
the quicker the attenuation of dynamic stress. 
3.2 Subgrade Elastic Deformation and Dynamic Stiffness under Cyclic 
Loading 
Subgrade elastic deformation is triggered by instantaneous dynamic load of moving train. The value 
of subgrade elastic deformation directly affects the stabilities of subgrade and track bed, and subgrade 
elastic deformation reflects in track deformation, which affects running safely and comfortably of high-
speed train. Nowadays, the generally accepted upper limit of subgrade elastic deformation for high-
speed railway is 1mm, which was derived from extensively field testing on Chinese operated railway 
lines (National Railway Administration of PRC, 2014). 
Figures 7 (a) and 7(b) show the development of subgrade elastic deformation with incrementing 
loading cycles for two fill sections. It can be seen that the average elastic deformations of sections A 
and B under simulated train loading reached 0.32mm and 0.29mm, respectively, which had very small 
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difference. It indicated that the ground stiffness had little influence on subgrade elastic deformation for 
relatively high fill section (greater than 6m in this case study). However, an unexpected heavy rain 
happened on section A during 600,000 to 700,000 load cycles and 1,400,000 to 1,500,000 load cycles, 
and consequently the subgrade elastic deformation increased obviously to 0.45mm, which implied a 
severe drop of the stiffness after soaking. Figure 7(c) shows the development of subgrade elastic 
deformation with cyclic loading for the cut section. After the dynamic stress on subgrade surface reached 
the set value, the subgrade elastic deformation tended to be constant. It can be seen from Figure 7(c) 
that the average elastic deformation of the cut section under simulated train loading was approximately 
0.60mm, which was about twice of the one of fill sections. It indicated that subgrade form (fill section 
or cut section) had significant influence on subgrade elastic deformation. But anyway, the elastic 
deformations of all the fill and cut sections were smaller than 1mm. 
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a) Fill Section A                     b) Fill Section B 
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c) Cut Section C 
Figure 7: Subgrade elastic deformation during cyclic loading tests 
Figures 8 (a) and 8(b) show the variations of subgrade dynamic stiffness with load cycles for fill 
sections. When subgrade reaches a steady-state forced vibration under cyclic loading, its dynamic 
stiffness K can be simply defined as the ratio of the measured maximum dynamic stress σmax to elastic 
deformation z, i.e. K=σmax /z, if neglecting the influence of soil damping. From the data of fill section A, 
the dynamic stiffness was about 317MPa/m in normal case, but dropped to about 220MPa/m after the 
heavy rains. For fill section B, with higher dynamic stress level of 100 to 105kPa during the first 300,000 
load cycles, the dynamic stiffness ranged from 250 to 270MPa/m; with the dynamic stress reducing to 
the set value, the dynamic stiffness increased to 298MPa/m, which was comparable to fill section A. It 
indicated that the ground stiffness had little influence on subgrade dynamic stiffness for relatively high 
fill section in this case study. However, rainfall, by softening subgrade bed, had a significant influence 
on subgrade dynamic stiffness. Figure 8 (c) shows the variation of dynamic stiffness with load cycles 
for the cut section. During the first 300,000 load cycles, dynamic stiffness decreased with the increase 
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of dynamic stress. Subsequently, the dynamic stress reached the set value gradually, and the dynamic 
stiffness tended to increase to a constant. The average dynamic stiffness of cut section was 153MPa/m, 
about half of the fill section. It indicated that subgrade form (fill section or cut section) had significant 
influence on subgrade dynamic stiffness.  
0 20 40 60 80 100 120 140
0
20
40
60
80
100
 Dynamic stress
D
yn
am
ic
 s
tr
es
s 
(k
P
a)
Number of load cycles (10,000 cycles)
350
300
250
200
150
100
50
0
 Dynamic stiffness
D
yn
am
ic
 s
tif
fn
es
s 
(M
P
a/
m
)
0 20 40 60 80 100 120 140
0
20
40
60
80
100
 Dynamic stress
D
yn
am
ic
 s
tr
es
s 
(k
P
a)
Number of load cycles (10,000 cycles)
350
300
250
200
150
100
50
0
 Dynamic stiffness
D
yn
am
ic
 s
tif
fn
es
s 
(M
P
a/
m
)
 
a) Fill Section A                    b) Fill Section B 
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c) Cut Section C 
Figure 8: Subgrade dynamic stiffness during cyclic loading tests 
3.3 Subgrade Accumulative Plastic Deformation 
The variations of subgrade accumulative plastic deformation with load cycles for different sections 
are shown in Figure 9.  
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Figure 9: Subgrade accumulative plastic deformation during cyclic loading tests 
The permanent deformations after 150 million cyclic loading were about 1.1mm, 0.8mm, and 
0.7mm for sections A, B, and C, respectively, all smaller than 5mm, meeting the requirement that 
subgrade permanent deformation due to train traffic load should not exceed 5mm (German Railway 
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Standard Ril 836, 2008; National Railway Administration of PRC, 2014). Testing results in this case 
study indicated that the subgrade designed with the parameters in Table 1 had small accumulative plastic 
deformation under train loading, and thus the subgrade form and ground stiffness had insignificant 
influences on subgrade accumulative plastic deformation. Additionally, Figure 9 also indicated that the 
majority of subgrade accumulative plastic deformation generated in the first 300,000 load cycles, except 
that section A experienced sharp increase in plastic deformation after 500,000 load cycle because of 
softening after heavy rains. 
4 Conclusions 
A fill section and a cut section conforming to the design code of 200km/h railway subgrade were 
built on the same construction site, and consequently, the simulated train loading testing was conducted 
to compare the influence of subgrade form on the dynamic responses. Additionally, another fill section 
with the similar design parameters but weaker ground stiffness, which did not meet the design 
specifications, was also built and tested to compare the influence of ground stiffness on subgrade 
dynamic responses.  
Testing results indicated that the elastic deformations and the permanent deformations of the two fill 
sections and the cut section under long-term train loading were smaller than 1mm and 5mm, respectively, 
meeting the design requirements for new-built 200km/h railway subgrade.  
Additionally, subgrade form (fill section or cut section) had significant influences on subgrade elastic 
deformation and dynamic stiffness, but had little influence on subgrade permanent deformation. For 
relatively high fill section (greater than 6m in this case study), ground stiffness had little influence on 
the attenuation of subgrade dynamic stress, subgrade elastic deformation, dynamic stiffness, and 
permanent deformation. 
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